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DEY1CF, AND METH OD FOR TRANSMITTING AND PROVING THE ENERGY O F 

CAPACITiVE ACTUATORS 

[0001] The invention relates to a device for contactless electrical power transmission and 
control for a system consisting of at least one stationary and one moving part, or for a system 
in which power is to be transmitted, having at least one means to be controlled and to be 
supplied with power. 

[0002] In such systems, as the need arises, electrical power and control signals have to be 
transmitted from*the stationary part of the system to the moving part of the system because 
the moving part has at least one element, for example, a control element, that has to be 
supplied with power during operation and that has to be controlled on the basis of the 
function. Alternatively, systems should also be taken into consideration in which control 
elements such as, for instance, capacitive actuators, have to be actuated over a certain 
distance. 

[0003] The literature (see, for example, A. Esser, "A New Approach to Synchronize a 
Bidirectional DC to DC Converter for Contactless Power Supplies", ETEP Vol. 3, No. 2, 
March/ April 1993) discloses a method and an arrangement that allow bidirectional 
transmission of electrical power via articulated-arm robot joints at any desired wide angle of 
rotation without the need for an electrically conductive connection that runs over the rotary 
joint. For this purpose, an inverter forms a higher-frequency alternating voltage from direct 
voltage on the input side of the joint and said alternating voltage is then transmitted by means 
of an inductive transformer from a primary winding of the transformer on the one side of an 
isolating point, that is to say, an air gap, to a secondary winding that lies on the other side of 
the isolating point, where it is converted once again into a direct voltage. The direct-voltage- 
to-alternating voltage converters and alternating-voltage-to-direct-voltage converters 
employed in this process are configured as inverters, so that they can be operated 
bidirectionally and consequently the power flow is reversible. A capacitor that was charged 
downstream from the isolating point on the secondary side can be discharged by transmitting 
the power back to the primary side via the isolating point. 
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10004] Control elements are also fundamentally known. One example of this is the piezo 
element that is employed as a capacitive actuator in automobiles, aircraft or other technical 
devices where components have to be moved at a high frequency and medium actuating 
force. This can be done by installing control members individually or in the form of groups of 
several control members. Regarding the latter, German patent application DE 199 27 087 Al 
describes a method and a device for charging and discharging several piezo electric elements. 
By means of appropriately actuated charging and discharging switches, groups comprising 
one or more piezo electric elements can be charged or discharged independently of each 
other. During the power exchange between the capacitor on the secondary side - which, as a 
buffer capacitor, has a larger capacitance than the piezo elements, whereby both capacitors 
are generally charged at different voltages - the rise of the charging and discharging current 
is limited by a winding and its magnitude is set by periodic switching, also referred to as 
cycling. This cycling is done by switching high-frequency semiconductor switches on and 
off, whereby the charging and discharging current stored in a winding 2 generates a high 
switching loss in the semiconductors during the switching. Another drawback of this method 
and arrangement is the double wall and the storage of power in the moving system. The 
alternating voltage or the alternating current inductively transmitted via the isolating point, 
i.e., the air gap, is rectified in the moving system and the power is stored in a buffer 
capacitor, usually configured as an electrolyte capacitor, that is even considerably larger than 
the capacitor of the piezo element Then one or more piezo elements are charged with current 
cycled from the buffer capacitor at a high frequency. In contrast, it is desirable to have a 
method that supplies the power transmitted at a higher-frequency voltage or higher-frequency 
current to the piezo electric elements via the isolating point without any intermediate storage. 

(0005) However, nowhere does this publication indicate how the piezo electric elements 
are to be actuated, particularly when the latter are arranged on the moving part of a system 
consisting of a stationary part and a moving part. Furthermore, in the case of special moving 
systems that are exposed to vibrations and/or high speeds, the problem arises that certain 
electric components are no longer suited for these operating conditions. Assuming, for 
instance, that the device is deployed in the area of the rotor shaft and the rotor head of a 
helicopter, then the high mechanical load makes it fundamentally impossible to use 
electrolyte capacitors. Particularly in applications involving rough ambient conditions such as 
high and low temperatures as well as large centrifugal acceleration forces on the moving 
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system, for example, on the rotor head of a helicopter, operations using electrolyte capacitors 
are only possible at considerable risk. 

[0006| Consequently, the invention is based on the objective of providing a method and a 
device for the power supply and control of capacitive actuators which, on the one hand, allow 
the actuation of the actuators over a certain distance and which, on the other hand, allow the 
transmission of the power of the actuators arranged on the moving part of the system to the 
moving part separated by an isolating point, said method and device supplying power to the 
actuators arranged on the moving part as a function of the desired force effects or the 
intended movements, without the need for any intermediate storage of the power in an 
electrolyte capacitor on the moving part system. 

[0007] This objective is achieved in an outstanding manner by the characterizing features 
cited in Claims 1,2, 14 and 16. Advantageous embodiments ensue from the characterizing 
features of the subordinate claims. 

[0008] Within the scope of the invention, additional embodiment possibilities exist for 
the method and for the device for carrying out the method, and these will be described below. 

10009) With the method according to the invention, a frequency generator 2 generates a 
higher- frequency alternating current i c having an amplitude that is independent of the phase 
angle and of the amplitude of a reverse voltage uq and said higher-frequency alternating 
current iG is then transmitted to a moving part system by means of an inductive transformer 3. 
The higher-frequency alternating current i coming from the secondary winding of the 
transformer - separated into positive and negative half-waves or segments of these half- 
waves- is impressed into the actuator by means of an electronic control element 4 in such a 
direction that a length change As of the actuator occurs in a desired direction in each half- 
wave. 

|00101 Here, the range of the operating frequency of the frequency generator 2 lies 
between approximately 25 kHZ and several MHz. Preference is given to the range around 
100 KHz. When the operating frequency is selected, the output to be controlled as well as the 
spatial distance to be bridged from the frequency generator to the actuators have to be taken 
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into account. It fundamentally applies that the useful frequency drops as the output and/or the 
distance increase. 

|001 1 1 The method for providing electrical power for at least one capacitive actuator that 
is arranged on the moving part is characterized in that the frequency generator 2 in the 
stationary part generates a higher-frequency alternating current ic from the direct voltage 1, 
said higher-frequency alternating current iG having an amplitude that is independent of the 
phase angle and of the amplitude of the reverse voltage uc. and in that the alternating current 
ic is transmitted to the primary winding 3a of the inductive transformer that bridges the 
isolating point, whereby the higher-frequency alternating current i coming from the 
secondary winding 3b in the moving part system - separated into positive and negative half- 
waves or segments of these half-waves - is always impressed into the actuator by means of 
an electronic control element 4 in such a direction that a length change As of the actuator 
occurs in the desired direction in each half-wave. 

|0012) The method for providing the power of capacitive actuators is also characterized 
in that the higher-frequency alternating current i - separated into positive and negative half- 
waves or segments of these half-waves - is always impressed into the actuator by means of 
an electronic control element 4 as a function of the difference us-u A between the setpoint u s 
of the actuator voltage and the actual actuator voltage ua, in the direction at which the 
magnitude of the voltage difference us-u A decreases. 

(0013) Moreover, the method for providing the power of capacitive actuators is also 
characterized in that the higher-frequency alternating current i - separated into positive and 
negative half-waves or segments of these half-waves - is always impressed into the actuator 
by means of an electronic control element 4 as a function of the difference between a setpoint 
of the actuator length and the actual value of the actuator length, in the direction at which the 
magnitude of the difference between the setpoint of the actuator length and the actual value 
of the actuator length decreases. 

|0014] Furthermore, the method for providing the power of capacitive actuators is also 
characterized in that the setpoint u s of the actuator voltage is formed on the basis of the 
deviation between a setpoint of the actuator length and the actual value of the actuator length. 
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(0015| The method for providing the power of capacitive actuators is likewise 
characterized in that the actual value of the actuator length is ascertained by detecting a path 
or an angle at the mechanical transmission 5c of the actuator. 

[0016| The method for providing the power of capacitive actuators is characterized by the 
following process steps: the separate impressing of the half- waves having different polarity or 
of the corresponding half-wave segments of the higher-frequency alternating current i occurs 
within each half- wave in three consecutive phases of the operating states "inverter 
operation", "no-load operation" and "rectifier operation", whereby the transition between the 
phases of the operating states is made by switching off a semiconductor switch and whereby 
the duration or the magnitude of the angular ranges of the individual phases determines the 
direction and the value of the mean charge and power transport. 

{00171 Finally, the method for providing the power of capacitive actuators is 
characterized in that the duration or the magnitude of the angular ranges of the phases of the 
operating states is adjusted with respect to the conductive areas of the switch pairs in the 
initial position SI 0, S30 or S20, S40 by shifting the conductive areas of a switch pair SI, S3 
or S2, S4 connected in series, and in that the conductive area signals of the initial position 
S10, S30 or S20, S40 of the switch pairs SI, S3 or S2, S4 connected in series have a constant 
phase angle within a switching grid SR that is synchronized to the impressed higher- 
frequency current i. 

[00181 The arrangement for carrying out the method encompasses the features that it 
comprises a frequency generator 2 consisting of an inverter with interruptible semiconductor 
switches T1-T4 and a downstream series-resonant circuit L & C G whose resonance frequency 
fc matches the inverter frequency fw, and it comprises an actuator control element 4 
containing at least one circuit 4a, 4b, 4c with interruptible power semiconductors in a matrix 
arrangement, said actuator control element 4 impressing the current io. i that was tapped at 
the series-resonant circuit capacitor C G of the frequency generator 2 - separated into positive 
and negative half-waves or segments of these half-waves - into the actuator 5, 5a in such a 
direction that the charge and the power stored in the actuator increase or decrease in each 
half-wave of the current as a function of the desired length change (As) of the actuator. 
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10019) The arrangement for carrying out the method is characterized by the features that 
it comprises a frequency generator 2 consisting of an inverter with interruptible 
semiconductor switches T1-T4 and a downstream series-resonant circuit Lc, Cg whose 
resonance frequency matches the inverter frequency f w , and it comprises an actuator 
control element 4 containing at least one circuit 4a, 4b f 4c with interruptible power 
semiconductors in a matrix arrangement, said actuator control element 4 impressing the 
current ic, i that was tapped at the series-resonant circuit capacitor Cg of the frequency 
generator 2 - separated into positive and negative half-waves or segments of these half- waves 
- into the actuator 5, 5a in such a direction that the charge and the power stored in the 
actuator increase or decrease in each half-wave of the current as a function of the desired 
length change (As) of the actuator. 

[0020] The arrangement for carrying out the method is characterized by the features that 
the series-resonant circuit capacitor Cg of the frequency generator 2 is connected to the 
primary winding 3a of an inductive transformer 3 that bridges an isolating point 3c, and that 
the secondary winding 3b of the transformer located on the moving part is connected to the 
circuits 4a, 4b, 4c with interruptible power semiconductors in a matrix arrangement of the 
actuator control element 4. 

(0021 1 The arrangement for carrying out the method is also characterized in that the 
actuator control element 4 comprises regulating means 4 R and controlling means 4 ST for 
impressing positive and negative half-waves or half-wave segments of the higher-frequency 
alternating current i into the actuator 5, 5a, in that the regulating means 4r causes the 
controlling means 4 ST to form different-sized half-wave segments of the current i through a 
signal <p as a function of the magnitude of the difference Uj-u'a between the setpoint u s and 
the actual value u'a of the actuator voltage, and in that the regulating means 4r causes the 
controlling means 4st to control the power semiconductors SI, S3, S2, S4 through the signal 
G/W as a function of the polarity sign of the difference u s -u' A between the setpoint u s and the 
actual value u\ of the actuator voltage, in such a way that, when the polarity sign of the 
difference us-u'a is negative, a successive charge or power is withdrawn from the actuator 5, 
5a from one half-wave to the next and, when the polarity sign of the difference us-u' A is 
positive, a successive charge or power is supplied to the actuator 5, 5a from one half-wave to 
the next. 
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(0022) The arrangement for carrying out the method is characterized by the features that 
the control element 4 comprises regulating means 4 R and controlling means 4 5T for 
impressing positive and negative half-waves or half-wave segments of the higher-frequency 
alternating current i into the actuator 5, 5a, that the actuator 5, 5a has means to detect the 
actual value of the actuator length, that, through a signal <p, the regulating means 4 R causes 
the controlling means 4st to form different-sized half-wave segments of the current i as a 
function of the magnitude of the difference between the setpoint and the actual value of the 
actuator length, and that, via the signal G/W, the regulating means 4 R causes the controlling 
means 4^ to control the power semiconductors SI , S3, S2, S4 as a function of the polarity 
sign of the difference between the'setpoint and the actual value of the actuator length in such 
a way that, when the polarity sign of the difference is negative, a successive charge or power 
is withdrawn from the actuator 5, 5a from one half- wave to the next and, when the polarity 
sign of the difference is positive, a successive charge or power is supplied to the actuator 5, 
5a from one half-wave to the next. 

(0023] The arrangement for carrying out the method is characterized in that the actuator 
5, 5a has means to detect the actual value of the actuator length and in that the actuator 
control element 4 has means to form a setpoint u s of the actuator voltage on the basis of the 
deviation between a setpoint of the actuator length and the actual value of the actuator length. 

[0024] The arrangement for carrying out the method is characterized in that the actuator 5 
has means to detect and convert a path or an angle of the mechanical transmission 5c into the 
actual value of the actuator length. 

(0025| The arrangement for carrying out the method is also characterized in that signals 
SR of a switching grid that is synchronized to the alternating current i are supplied to the 
controlling means 4st for impressing half-waves or half-wave segments of the alternating 
current i into the actuator, in that the controlling means 4 ST encompasses logic means which, 
on the basis of signals SR of the switching grid, form conductive area signals S10, S30 and 
S20, S40 of the initial position of the semiconductor switch pairs SI, S3 and S2, S4 
connected in series, in that the controlling means 4 ST comprises means for the leading shift of 
the conductive areas of the switch pair S2, S4 with respect to the initial position S20, S40 
during the rectifier operation and it also comprises means for the trailing shift of the 
conductive areas of the switch pair S 1, S3 with respect to the initial position SI 0, S30 during 
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the inverter operation, and in that a signal G/W is supplied to the controlling means 4^ by the 
regulating means 4 R in order to set the direction of the shift and a signal <p is supplied in order 
to set the magnitude of the shift. 

[0026] The arrangement for carrying out the method is characterized by the features that, 
in order to form an output voltage u a, ua of the actuator control element 4 with only one 
polarity, the output conductor A, B' of the circuit 4a, 4b has interruptible unipolar power 
semiconductors SI, S2, S3, S4 in a matrix arrangement, that the interruptible unipolar power 
semiconductors are placed into the matrix in the direction, relative to the polarity of the 
output voltage, in which they take up the output voltage u'a, u a as blockage voltage and 
switch off the current -I A from the positive output conductor to an alternating current input. 

[0027| The arrangement for carrying out the method is characterized in that, in order to 
form an output voltage u A , u A of the actuator control element 4 with alternating polarity of 
the output conductors A, B', the circuit 4c has interruptible bipolar power semiconductors in a 
matrix arrangement, said semiconductors selectively blocking positive or negative voltages 
and switching off currents in both conduction directions. 

[0028| The arrangement for carrying out the method is characterized by the features that 
each bipolar power semiconductor consists of two unipolar power semiconductors connected 
in opposition in series, whereby, with a positive output voltage u A , u A , the controlling means 
4sr controls the controllable power semiconductors (SIP, S2P, S3P, S4P) that block a 
positive output voltage in the manner according to the invention during the rectifier operation 
and the inverter operation and it also controls the power semiconductors (SIN, S2N, S3N, 
S4N) provided for the negative output voltages into the conductive state as long positive 
output voltage is present, and whereby, with a negative output voltage u'a, u a , the controlling 
means 4st controls the controllable power semiconductors (SIN, S2N, S3N, S4N) that block 
a negative output voltage in the manner according to the invention during the rectifier 
operation and the inverter operation and it also controls the power semiconductors (SIP, S2P, 
S3P, S4P) provided for the positive output voltage into the conductive state as long negative 
output voltage is present. 

[0029] The arrangement for carrying out the method is characterized by the features that 
the actuator 5 comprises two stacks 5a, 5b that are electrically connected in series and are 
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made of piezo electric material, that an actuator control element 4 or 4. 1, Figure 7, according 
to the invention is connected to the center terminal B and to a phase conductor terminal A of 
the serially connected stacks 5a, 5b, and a direct voltage uav is applied as bias voltage to the 
phase conductor terminals A, C of the serially connected stacks 5a, 5b, said voltage being 
formed by a source of direct voltage that delivers and takes up at least half i A /2 of the current 
iA impressed at the center terminal of the actuator control element 4 and, in this process, 
keeps the value of the direct voltage uav constant. 

[0030] The arrangement for carrying out the method is characterized in that the direct 
bias voltage uav is delivered by a mains power supply configured according to the state of the 
art whose output capacitance is dimensioned in such a way that the currents i A /2 of opposite 
directions caused by the actuator control element 4 do not give rise to any appreciable change 
in the direct bias voltage uav. 

(0031) The arrangement for carrying out the method is also characterized in that the 
direct bias voltage uav at the phase conductor terminals A, C of the serially connected stacks 
5a, 5b is formed by an actuator control element 4.2, Figure 7, according to the invention, to 
which a constant bias voltage setpoint VSS2 is supplied. 

(0032] The arrangement for carrying out the method is characterized by the features that 
at least two actuators 5.1, 5.3, which are independent in terms of their mechanical movements 
having two serially connected stacks made of piezo electric material are each connected via 
their phase conductors Al, A3 and CI, C3 to a shared actuator control element 4.2 that keeps 
the bias voltage u AV 2 between the phase conductors Al, CI and A3, C3 at a constant value, 
irrespective of the currents i AI , iA3 that flow via the actuators, also that actuator control 
elements 4.1, 4.3 impress currents iai, iA3 into each of the actuators 5.1, 5.3 having two 
serially connected stacks made of piezo electric material via the center terminals Bl , B3 and 
via the shared phase conductor terminals Al , A3 of the serially connected stacks in order to 
set the actuator charge-reversal voltages u AU , , u AU3 that are independent of each other as well 
as the appertaining independent movements, also that the impressed higher-frequency current 
i f is supplied to each actuator control element 4. 1 , 4.2, 4.3, etc. via the secondary winding b of 
the input transformers 7.1, 7.2, 7.3, etc., whose primary windings a are connected in series 
and form a higher-frequency intermediate current circuit (HFZK) shared by all actuator 
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control elements, and also that the frequency generator 2 impresses its output current i G as 
intermediate circuit current i into the higher-frequency current source. 

|0033J The arrangement is finally characterized in that the frequency generator 2 
impresses its output current ic as intermediate circuit current i into the intermediate current 
circuit HFZK via a transformer 3 that bridges an isolating point 3. 

I0034J The special advantage of the contactless transmission of power and/or control 
functions according to the invention in a system comprising at least one stationary and one 
moving part between which power is to be transmitted lies in the fact that no vibration- 
sensitive components such as, for example, electrolyte capacitors, have to be employed in the 
moving part while, at the same time, at least the same functional reliability exists as 
comparable systems known up until now for control and power transmission for capacitive 
actuators. Fundamentally, the arrangement according to the invention and the method 
according to the invention are equally well-suited for control and power supply of capacitive 
actuators over short as well as long distances, particularly also for systems in which no 
isolating points between stationary and moving parts have to be bridged. 

(00351 The invention will be explained in greater detail with reference to embodiments 
depicted in schematically simplified form in Figures 1 to 7. The following is shown: 

Figure I - a schematic arrangement for carrying out the method with a stationary frequency 
generator 2, an inductive transformer 3 that bridges an isolating point, an actuator 
control element 4 and a capacitive actuator 5 with a stack 5a made of piezo 
electric material; 

Figure 2 - by way of example, a circuit diagram for the schematic arrangement according to 
Figure I; 

Figure 3 - diagrams a) to e) and switching states 1 to 6 of the actuator control element 4; 

Figure 4 - explains the circuit diagram and the mode of operation of the power core 4c of an 
actuator control element 4 with bipolar output voltage u'a; 
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Figure 5 - an embodiment of an actuator control element 4 with any desired output voltage; 

Figure 6 - a schematic arrangement of a double actuator having two stacks 5a, 5b, made of 
piezo electric material; 

Figure 7 - an embodiment with 4 double actuators on a shared power feed; 

Figure 8 - the integration of a power supply according to the invention in the area of the 
rotor shaft and the rotor blades of a rotary-wing aircraft; 

Figure 9 - a section through a device for power transmission in the area of the rotor shaft. 

(0036] The schematic arrangement of the invention in Figure 1 shows a stationary 
frequency generator 2 which, from a direct-voltage source I that can be a battery or a 
capacitor charged with direct voltage, generates a higher-frequency alternating current io of, 
for instance, 100 kHz, having an amplitude ?g that is independent of the amplitude and of the 
phase angle of the reverse voltage ug. As a function of the phase angle of the reverse voltage, 
such a generator can emit or take up active power and reactive power. 

[00371 In order to transport the power or the energy via the isolating point 3c to at least 
one actuator 5 on the moving part system, the alternating current ic is supplied to the primary 
winding 3a of an inductive transformer 3 that bridges the isolating point. On the moving part 
system, the secondary winding 3b of the transformer is connected to an electronic control 
element 4 that functions as an actuator control element and that, as a rule, comprises a 
converter connection. If the moving part system can be rotated, then the transformer 3 can be 
an inductive rotary transformer according to the state of the art, whose primary part is affixed 
in the pivot point of the movement and whose secondary part is rotatably mounted in the 
pivot point. In this case, the isolating point to be bridged runs through the interior of the 
rotary transformer as an air gap. By the same token, when it comes to linear movements, 
linear transformers are available for bridging an isolating point that runs along the movement 
path. The current i - separated into positive and negative half-waves or segments of these 
half-waves - coming from the secondary winding 3b of the transformer in accordance with its 
transmission ratio is always impressed into the capacitive actuator via an electronic actuator 
control element 4 in the direction in which the magnitude of the difference u s -u A of a voltage 
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setpoint u s and the actual actuator voltage u A decreases from one half-wave to the next. Once 
the voltage difference u s -u A has reached zero or if this difference falls within a tolerance 
range that is accepted as being zero, the actuator control element 4 conducts the current i to 
the actuator control element past the actuator 5 via a short circuit of the supply lines. This 
short circuit is completely non-critical for the impressed current i. 

(0038) Via a mechanical transmission 5c, the capacitive actuator 5 converts the length 
change As that occurs when a charge Ji A dt is applied to a stack 5a made of piezo electric 
material into an angular change of a flap 6. 

|0039| With the method according to the invention, the higher-frequency alternating 
current i that is absolutely necessary for the transmission via the inductive transformer 3 and 
the actuator control element 4 can be used to charge or discharge the stack 5a made of piezo 
electric material without the need for a power storage means in the form of an electrolyte 
capacitor on the moving system. 

[0040] It is obvious that the method according to the invention can also be employed to 
adjust the power of capacitive actuators if there is no need to bridge an isolation point by 
means of an inductive transformer. 

[00411 If an isolating point is present, then as a rule, the setpoints u s of the actuator 
voltage, which are generated, for example, in a control system LS, have to be supplied via the 
isolating point 3c to the actuator control element 4 as bit-serial data words. In the 
embodiment of Figure 1 , these setpoints are transmitted via the isolating point by means of an 
optical or likewise inductive data-transfer means DU configured according to the state of the 
art and said setpoints are then converted by means of a data converter DW into the setpoints 
us suitable for the actuator control element on the moving part system. 

[0042) Figure 2 shows, by way of example, an embodiment of the frequency generator 2 
according to the invention and of the actuator control element 4 according to the invention. 
The frequency generator 2 is an inverter and consists of a bridge circuit of interruptible 
semiconductor power switches T1-T4, for example, MOS field-effect transistors or IGBTs, 
with a series-resonant circuit Lg, Co in the bridge diagonal and of a load coupled to the 
capacitor Q; via the transformer 3. When the inverter frequency f w , which is generated by an 
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oscillator contained in the inverter control 2a, coincides with the resonance frequency of the 
series-resonant circuit 



and that is independent of the reverse voltage uc and thus of the connected load, is impressed 
into the transformer 3 connected to the capacitor. In this equation, Q W i stands for the 
fundamental wave amplitude of the inverter voltage uw, which, when the input direct voltage 
U B fluctuates, is kept at a constant value by the pulse width modulation present in the inverter 
control 2a. The output current amplitude i G of the frequency generator 2 is independent of the 
magnitude of the reverse voltage ug and of its phase angle with respect to the current ig. 
Therefore, at a constant current \q, the frequency generator 2 can not only deliver active 
power and reactive power to the moving secondary part via the transformer 3, but can also 
pick up active power from said moving secondary part and can supply the picked-up active 
power to the direct voltage source Ub. 

|0043) As is known from the general teachings of the technology of power converters, the 
bridge circuit of the semiconductor power switches T1-T4 can be replaced by functionally 
equivalent half-bridge circuits with capacitive input voltage dividers or transformer star 
connections. 

10044] The magnitude of the reverse voltage Uc and of its phase angle and thus the 
direction of the power flow are determined by the actuator control element 4 connected to the 
secondary winding 3b of the transformer 3. As a control element 4a, said actuator control 
element 4 likewise contains a bridge circuit of semiconductor switches S 1-S4 to which 
suppressor capacitors Cb are also connected in parallel, the function of which will be 
elaborated upon below. A filter Cf, Lf is located at the output of the bridge circuit leading to 
the actuator 5, and a filter Cl, Ll is installed in the supply line of the higher-frequency 
alternating current i leading to the bridge circuit. 
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then a current iG that has the constant amplitude 
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[00451 The filter Cf, L f serves to delimit the high-frequency ripple of the current i A to the 
actuator 5. Since the control element 4 only adjusts the actuator voltage u A with a frequency 
of, for example, 500 Hz at the maximum, but since the frequency of the current ripple of i A 
has twice the value of the frequency f w , in other words, for example, 200 kHZ, the filter is 
configured in such a way that no appreciable difference exists between the low-frequency 
actuator voltage ua and the low-frequency voltage fraction of u'a at the filter capacitor Cf. 
The voltage difference u'a-Ua that occurs at the filter inductor Lf, is the high-frequency 
voltage ripple of, for example, 200 kHZ. 

[0046| The filter Cl, Lu which is configured as a series-resonant circuit and which is 
coordinated with the frequency f w of the frequency generator 2 or of the current i, is an 
acceptor circuit that does not offer any resistance to the current i. When the power switches 
S1-S4 are switched, the inductor Ll of this filter takes up the abrupt voltage differences that 
occur between the voltage u'g that is transmitted from the capacitor Co to the secondary 
transformer winding 3b and the low-frequency output voltage u' A » u A of the actuator control 
element 4. 

|00471 to order to correct the actuator voltage u A or u A - which is a measure of the 
charge [i A dt stored in the piezo electric material 5a and thus also of the length change As - to 
the time-variable setpoints us, a regulating means 4r is present whose output signals (p and 
G/W influence the controlling means 4s T of the actuator control element in such a way that 
current i supplied to the actuator control element - separated into positive and negative half- 
waves or segments of these half-waves - is impressed into the capacitive actuator in such a 
direction that the magnitude of the difference Us-u A decreases. If this difference is positive, 
that is to say, u s > u A , then an additional charge has to be supplied to the actuator. This is 
identical to a power flow from the higher-frequency alternating current side to the direct 
voltage side - which is only variable at a low frequency - with the voltages u' A or ua. For this 
purpose, the signal G/W causes the controlling means 4st to control the bridge circuit SI -S4 
as a rectifier. The signal q> is a measure of the magnitude of the deviation u s -u A and it 
determines the magnitude of the angle of the half- wave segments, as will still be explained in 
greater detail with reference to Figure 3. 

(0048) If the deviation us-ua is negative, that is to say, us <u A , a charge or power is 
withdrawn from the actuator and supplied via the actuator control element 4 into the power 
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transfer circuit through which the higher-frequency current i flows. Then, the signal G/W 
causes the controlling means 4^ to control the bridge circuit S1-S4 as an inverter, whereby 
the signal <p, in turn, determines the magnitude of the angle of the half-wave segment in 
accordance with the magnitude of the deviation us-u A . 

[0049) The half-wave segments of the current i are formed by switching the 
semiconductor switches S1-S4 on and off via the controlling means 4st in fine grid steps 
synchronously to the waveform. In order to do so, the current converter SW and the circuits 
4si» 4 S2 and 4$3 are used to generate a switching grid SR that is synchronous to the phase 
angle of the current i. In this switching grid, during rectifier operation as well as inverter 
operation, the semiconductor switches S1-S4 are only switched on in those time ranges or 
phase angle ranges in which the current i is already flowing over the diode that is connected 
in parallel to each switch. In this manner, turn-on losses are avoided when the semiconductor 
switches SI-S4 are switched on. 

[0050| In order to form the switching grid SR, the current signal of a current converter 
SW that picks up the higher-frequency current i is supplied via a comparator stage 4si to a 
first phase input El of a Phase- Lock-Loop circuit 4 S2 . A signal f TU reduced by the factor 2 N 
from the output cycle fr by means of an N -stage counter 4 S 3 is supplied to the second phase 
input E2. The PLL circuit 4s2 adjusts the frequency of its output cycle fr in such a way that 
the frequency and phase angle deviation between the current signal at the input El having the 
frequency f w and the reduced signal having the frequency fa, is zero at the input E2. The N- 
output signals SR of the N-stage counter then form the switching grid SR that is synchronized 
to the zero crossings of the alternating current i. In the example of Figure 2, N = 6. At a 
frequency f w of the current i of 100 kHz, the switching grid in which the semiconductor 
switches S1-S4 are switched on and off once per 100-kHz period then has a time resolution 
of 

At = — i— = 156 ns. 
2 6 10V 

(0051| In Figure 3, diagrams a) to e) as well as the switching states I to 6 explain the 
setting of the actuator current i A , that is to say, the formation of the half- wave segments from 
the current i for rectifier operation as well as inverter operation, a process in which switching 
losses are avoided when the semiconductor switches S1-S4 are switched. 
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(00521 Diagram 3a) shows the curve of the voltage u at the alternating-current side input 
of the bridge circuit S1-S4 in association with the impressed current i. Diagram 3b) shows 
the appertaining formation of the current segments from the half-waves of the current i. The 
voltage segments and current segments of the inverter operation are indicated by additional 
dotted lines. The numerals in the voltage diagram a) indicate time ranges that correspond to 
the switching states 1 to 6 in the right-hand side of Figure 3. 

|0053] Diagram c) designates the conductive areas of the diodes that are integrated into 
the switches S1-S4. 

(0054] Diagrams d) and e) depict the possible conductive areas of the controllable 
semiconductor switches S1-S4 that lie in the synchronized switching grid SR, and this is 
done for the rectifier operation in diagram d) and for the inverter operation in diagram e). The 
outlined conductive areas designate the angle or time range within which the associated 
switches S1-S4 are controlled into the conductive state. Conductive areas for three settings of 
the actuator current, namely, minimum, medium and maximum current, are depicted for the 
rectifier operation as well as for the inverter operation. Between the conductive areas of the 
semiconductor switches SI and S3 as well as S2 and S4, which are connected in series with 
respect to the actuator voltage ua, there is a gap area \i in which the switch pairs connected 
in series always block at the same time and the suppressor capacitors Cb*, which are 
connected in parallel to the switches, are charge-reversed, as will be explained in greater 
detail below. In order to set the actuator current that is to be transmitted, in each operating 
state, a switch pair S I and S3 or S2 and S4 connected in series retains the phase angle of its 
conductive areas with respect to the impressed current i, while the conductive areas of the 
corresponding other switch pair are shifted in grid steps At between the minimum setting 
SXMIN, in which the minimum current is being transmitted, and the maximum setting 
SXMAX with the maximum current transmission. 

[0055J With the actuator control element 4 according to the invention, in all operating 
states, the conductive areas have such a phase angle that the impressed current i, during its 
zero passage, either makes the transition from one diode to the switch that is connected in 
parallel and that has already been switched on, or else, after the charge-reversal of the 
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suppressor capacitors Cb, continues to flow over the diode of the switch connected in series. 
In this manner, turn-on losses of the controllable semiconductors are avoided. 

10056) The conductive switch is switched off at the end of a conductive area, the current i 
then charge-reverses the suppressor capacitors C 8 connected in parallel and then likewise 
flows over the diode of the switch connected in series. The switching off must take place at 
an angle A^a to such an extent before the next current zero passage that, in the gap area A p l 
that follows the switching off, the current i is sufficient to charge-reverse the suppressor 
capacitors C B connected in parallel to the switches by the magnitude of the actuator voltage 
ua. 

[0057] During the transition of the current from one diode to the controllable switch that 

is connected in parallel, no additional voltage occurs aside from the low conducting voltage. 

Even when a switch is switched off, when the current makes the transition from this switch to 

the capacitors connected in parallel, the voltage at the switch is initially zero and then rises 

once the switch blocks at a transconductance of 

du i_ 

dt ~2C B 

that is determined by the capacitance value of the capacitors that are connected in parallel. 
The switching losses of the controllable switches are virtually zero for these switching 
procedures. As is shown in greater detail with reference to the diagram and to switching 
states in Figure 3, this current transfer is identical in rectifier operation and in inverter 
operation. 

[0058] In state 1 , the impressed current i flows in a short-circuit over the switched-on 
switches SI and S2. In this process, no current is supplied to the actuator, which is depicted 
here in simplified form as a source of direct voltage having the voltage U A . State 2 starts with 
the opening of the switch 2 at the end of the conductive area of S2 in diagram d). The current 
i now flows in state 2 over the suppressor capacitors that are connected in parallel to the 
switches S2 and S4. Due to the fact that the capacitors are identical, the current i/2 flows over 
each capacitor and only the current of the capacitor connected in parallel to S4 flows over the 
direct voltage source Ua. The charge-reversal state 2 is completed and makes the transition to 
state 3 once the capacitor C B that is connected in parallel to S2 is charged so as to reach the 
voltage U A and the capacitor C B that is connected in parallel to S4 has been completely 
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discharged. In state 3, the current i first flows over the switch SI and the diode that is 
connected in parallel to the switch S4 as well as over the actuator counter to the voltage U A . 
Rectifier operation is present, with power flow from the alternating-current side to the direct- 
voltage side. Once the gap area has been passed, the de-energized switch S4 is closed. 

[0059] Diagram a) shows the appertaining voltage u in association with the current i at 
the input of the bridge circuit while diagram b) shows the corresponding segment of a half- 
wave of the current i. 

[0060] It can be seen in diagrams a), b) and d) that a leading shift of the conductive areas 
of S2, S4 towards the left out of the initial positions designated by S2MIN and S4MIN, as 
indicated by the arrow G, causes the current segments supplied to the actuator to be increased 
until approximately the entire half-wave is supplied to the actuator. When the conductive 
areas are shifted back to the right, the current segments are reduced all the way to the angle 
Ap A . This angle A^a is the angular distance of the right-hand limits of the conductive areas of 
S2MIN and S4MIN from the subsequent current zero passage and has to be somewhat larger 
than the gap area A^l that starts at the same time, so that the charge reversal of the capacitors 
C B that are connected in parallel to S2 and S4 is completed before the switch S4 closes and 
before the next zero passage of the current i. The closing of the switch S4 after the charge 
reversal of the suppressor capacitors and before the zero passage of the current i takes place 
de-energized since in this area, the diode connected in parallel to S4 is conductive. 

[0061] As the switches S 1 and S3 show in diagram d), during rectifier operation, the 
conductive areas S10 and S30 of the switches SI and S3 - which remain in their initial 
position - open with every zero passage. In this process, after the current zero passage and 
after the opening of the switch S 1 , the state 3 makes the transition to state 5 in which the 
capacitor connected in parallel to the switch SI is now charged so as to reach the voltage Ua 
and the capacitor that is connected in parallel to the switch S3 is discharged. Once the latter 
has been discharged, the diode connected in parallel takes over the current and the switch S3 
is closed after the gap area A<pL, The impressed current i now flows in the area 6 in a short- 
circuit over the switch S3 and the diode connected in parallel as well as the switch S4. The 
area 6, which lies in the negative half-wave of the current i, corresponds' to the area 1 in the 
positive half-wave. 
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[0062| • As shown in diagram e), the conductive areas of all of the switches in the initial 
position of the rectifier operation and in the initial position of the inverter operation have the 
same phase angle with respect to the impressed current i. Therefore, the initial position of the 
inverter operation is the initial position of the rectifier operation. 

[0063) The inverter operation is realized in that now the conductive areas of the switches 

52 and S4 remain in their initial position S20 and S40 and the phase angle of the conductive 
areas of the switches SI and S3 are shifted out of their initial position, trailing to the right. As 
a result, the switch S 1 remains closed at the end of area 3 after the zero passage of the current 
i. With the current zero passage, area 3 makes the transition to area 4 of the inverter operation 
while the switch settings remain unchanged. In this process, the power flow direction 
changes, the actuator is discharged and the power is supplied to the alternating current circuit. 
The transition from rectifier operation to inverter operation takes place by lengthening the 
switch state 3 beyond the current zero passage, without the need for an additional switching 
procedure in area 4 indicated by the dotted lines. The discharge current i A of the actuator is 
set as a function of the magnitude of the shift of the conductive areas of the switches SI and 

53 with respect to the initial state S 1MIM=S 10 and S3MIN=S30 as indicated by the arrow W. 
When the switch SI is switched off at the end of the conductive area, the transition is made to 
the state 5 described above. With a symmetrical position of the charge-reversal states 2 and 5 
with respect to the zero passage, precisely as much charge and power are withdrawn from the 
actuator in the areas 4 and 5 in inverter operation as were previously supplied to it in the half- 
wave in the areas 2 and 3 in rectifier operation, that is to say, in this position of the 
conductive areas, the mean value of the charge transport and of the power flow is zero. 

(0064| As shown in diagrams a) to e) and in the switching states 1 to 6, in each half-wave 
of the impressed higher-frequency alternating current i, the actuator control element 4 
according to the invention consecutively has a phase of the operating state "inverter 
operation" with the charge and power transport from the actuator 5, 5a to the alternating- 
current side, a phase of the operating state "no-load" with short-circuited alternating-current 
input and without a change in the charge and power state of the actuator, and a phase of the 
operating state "rectifier operation" with the charge and power transport from the alternating- 
current side to the actuator 5, 5a. The phase of "inverter operation" starts automatically with 
every zero passage of the current i whenever the controllable power semiconductors that are 
connected in parallel to the conductive diodes have been switched on during the phase of 
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"rectifier operation" that comes before the current zero passage. The phase of "inverter 
operation" can be terminated at any desired point in time within the momentary half-wave by 
switching off one of the two controllable power semiconductors that are conductive during 
the "inverter phase". The actuator control element then goes into "no-load phase". When the 
other controllable power semiconductors that are still conductive in the "no-load phase" are 
switched off, the phase of "rectifier operation" sets in. This has to be done at least at an angle 
A«,A before the subsequent zero passage of the current i in order to ensure complete charge 
reversal of the suppressor capacitors C B in the gap area j\> l . 

[0065| The transition between the phases of the operating states is made through switch- 
off procedures during which no turn-off losses occur. The magnitude and direction of the 
mean charge and power transport via the actuator control element according to the invention 
are determined by the duration or the magnitude of the angular ranges of the individual 
phases and are set in the rectifier operation via the leading shift "G" of the switches S2, S4 
with respect to the initial positions S2MfN=S20 and S4MIN=S40 and in the inverter 
operation via the trailing shift "W" of the switches SI , S3 with respect to the initial positions 
S1MIN=S10 and S3MIN=S30. 

[0066] The circuit arrangement according to Figures 1 and 2 allows only the setting of 
actuator voltages ua having one polarity sign, in other words, the output line B can only have 
a positive polarity with respect to the output line A. For certain actuators, however, actuator 
control elements 4 are needed with positive and negative output voltage. An actuator control 
element 4 according to the invention that meets this requirement is depicted in Figure 5. It 
differs from the actuator control element 4 shown in Figure 2 in that, in the control element 
4c, instead of the semiconductor switches SI, S2, S3, S4 of the circuit 4a - which can only 
block voltage having one polarity and can switch current on and off in one direction - 
semiconductor switches are used that can block voltages having both polarities and that can 
switch currents on and off in both directions. As shown in Figure 4c and Figure 5, such 
bidirectional semiconductor switches consist, for instance, of a pair of controllable 
semiconductors connected in opposition in series, namely, S1P/S3N, S2P/S4N, S4P/S2N. 

[0067] The mode of operation of an actuator control element 4 for bidirectional output 
voltages is explained with reference to the control elements 4a) to 4c) shown in Figure 4. 
Figure 4a) once again shows the control element for the positive output voltage u' A of the 
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actuator control element 4 shown in Figure 2. In order to form a negative output voltage u' A , 
the controllable semiconductor switches have to be arranged with respect to the output lines 
A, B 1 in accordance with the diagram shown in Figure 4b). In order to differentiate among the 
semiconductors in both arrangements, the switches S 1-S4 additionally have the designation 
M P" in the arrangement for the positive output voltage and the designation "N" in the 
arrangement for the negative output voltage. In both arrangements, the numerals 1 to 4 
designate semiconductor switches that are actuated in phase relative to the input current i. 
The circuit 4c delivers a positive output voltage when the semiconductor switches designated 
with ,€ N" are constantly switched into the conductive state and the semiconductor switches 
designated with "P" are actuated in the manner described with reference to Figures 2 and 3. 
When a negative output voltage u A is formed, the semiconductor switches designated with 
"P" are constantly switched into the conductive state and the semiconductor switches 
designated with "N" then receive the control signals that are supplied to the semiconductor 
switches designated with "P" and having the same reference numeral when a positive output 
voltage is generated. The control signals are switched over in the controlling means 4s T of 
Figure 5 as a function of the polarity sign of the difference us-ua, whereby this information 
about the polarity sign is contained in the information (p during the zero passage of the output 
voltage of the actuator controller, that is to say, at u' A = 0. 

10068] As shown in Figure 6, piezo electric actuators are particularly advantageously 
fitted with two stacks 5a, 5b operated in phase opposition and made of a piezo electric 
material. Here, the two piezo stacks 5a and 5b are connected in series with respect to a bias 
voltage UAvthat is kept approximately constant, and in parallel with respect to a charge- 
reversal voltage u AU that is applied between the center terminal B and a phase conductor 
terminal, for example, A. By means of such a double actuator, longer control paths Asl + As2 
and greater actuating forces are achieved than with an actuator that has only one piezo stack. 
As far as the capacitance is concerned, the two stacks of a double actuator are largely the 
same. When the current i A is impressed via the center conductor B, half of the current flows 
back via each of the two phase conductors A and C, respectively. In this context, the upper 
piezo stack 5b in Figure 6 is discharged in the transfer direction of the bias voltage uav and 
the lower piezo stack 5a is further charged in the transfer direction of the bias voltage u AV , so 
that the elongation caused by the charge decreases in the upper stack while the elongation 
increases on the lower stack. The feed of such a double actuator can be effectuated, for 
instance, with two actuator controllers according to the invention. If more than two double 
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actuators having the same control tasks are actuated, they can obtain their bias voltage from a 
shared actuator controller. 

[0069| Since the bias voltage u AV of double actuators is normally constant and only the 
charge-reversal voltage u AU is changed in order to control the movement, the direct bias 
voltage can also be generated by a mains power supply according to the state of the art. At an 
approximately constant output voltage u A v, this mains power supply, however, must be 

capable of delivering or picking up the current -^of m double actuators that flows over 

xel 2 

the interconnected phase conductors A x , C x . This property can be attained, for example, in 
that the output capacitance of the mains power supply is dimensioned considerably larger 
than the capacitance of the double actuators. 

(00701 The embodiment of Figure 7 has two groups with two double actuators each. Each 
of the two actuator groups has its own bias voltage control element 4.2 and 4.5, respectively. 
They are supplied with the generally constant bias voltage setpoints VSS2 arid VSS5. The 
actuator control elements 4.1 and 4.3 of the first group or the actuator control elements 4.4 
and 4.6 of the second group set the voltages uauu uau3 and uaim, uau6 through the currents 
Ui, i\3 and iA4, iA6, respectively, and thus set the charges and the length changes of the double 
actuators on the basis of the voltage setpoints u S i, u S 3 and Us4» Us6, respectively. These voltage 
setpoints are generated as bit-serial data words in a control system LS in accordance with the 
embodiments presented in Figure 1 and Figure 7, transmitted via the isolating point 3c by 
means of a data-transfer means DU configured according to the state of the art, converted on 
the moving part system by means of a data converter DW into the setpoints that are suitable 
for the actuator control elements 4. 1 , 4.3 and 4.4, 4.6, respectively, and then supplied to the 
control elements. 

10071| The impressed current i' is supplied to each of the actuator control elements 4.1, 
4.3, 4.4, 4.6 and to the bias voltage control elements 4.2 and 4.5 via the secondary windings 
of the input transformers 7.1, 7.2, 7.3, 7.4, 7.5 and 7.6 whose primary windings are connected 
in series and that are supplied by the impressed current i from the secondary winding 3b of 
the transformer 3 that bridges the isolating point. The primary winding 3a of this transformer 
is supplied according to the arrangements of Figure I and Figure 2 by the frequency 
generator 2 according to the invention with a higher-frequency alternating current \q having a 
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constant amplitude. If there is no isolating point that needs to be bridged, the frequency 
generator 2 supplies its output current i G directly to the serially connected primary windings 
of the input transformers 7.1 to 7.6. These input transformers achieve freedom of potential 
and adaptation of the current to the control elements 4.1 to 4.6 on the secondary side of the 
transformers. Therefore, the outputs of the potential-free control elements can be connected 
to each other and can have a shared earth potential. The input voltages u'i to U6 of the control 
elements 4. 1 to 4.6 in Figure 7 correspond to the input voltage u'g of the control element 4 in 
Figure 1 and Figure 2. The voltages u'ci to u'c* transmitted from the inputs of the control 
elements to the series connection of the primary windings add up in the higher-frequency 
intermediate current circuit HFZK that consists of the serially connected primary windings of 
the input transformers 7. 1 to 7.6. and of the secondary winding 3b of the transformer that 
bridges the isolating point 3c, so as to yield the total voltage u'g. Here, power flows, which 
are oriented in the opposite direction, balance each other in the intermediate current circuit 
HFZK through the addition of voltages oriented in opposite directions. For example, a power 
flow over the actuator control element 4. 1 to the connected actuator results in an input 
voltage u'j that is considered positive as indicated by the arrow direction of the input current 
i\ Half of the actuator current Ui, in other words, the current iAi/2, flows back via the bias 
voltage control element 4.2. At the bias voltage control element 4.2, the association of the 
current i A j/2 with the bias voltage u AV 2 yields a power flow from the actuator side to the 
higher-frequency intermediate current circuit. The appertaining input voltage u'2 is then 
oriented in the opposite direction from the input voltage iT|, as a result of which the total 
power in the intermediate current circuit HFZK. is reduced. Therefore, only the resulting total 
power of all of the actuators is transmitted via the transformer 3. 

[0072] Figure 8 serves to show in a simplified manner how a device of the type described 
above as well as the appertaining method can be used by employing the device in the area of 
the rotor shaft GR and of the rotor blades BL of a rotary-wing aircraft, especially a helicopter. 
The necessary electronic components such as, for instance, the power supply PS and the 
frequency generator MFG with the electronic controls Ci as well as the connection to the 
flight controls STC of the helicopter are all permanently installed on board of the helicopter. 

(0073| In addition to various bearings BG, several contactless coupling devices CD are 
provided on the rotor shaft GR. Said coupling devices CD can be configured along the lines 
of an optical coupler DU (see Figure 1), as is the case with the signal transmission STM from 



23 



[5015.1012] 



the electronic controls CI integrated into the control system LS to the optical waveguide OW. 
On the other hand, contactless inductive signal transformers 3 (see Figure 1) are provided 
which are employed, for example, for the power transmission ETM from the frequency 
generator MFG to the rotor head electronics RHE. 

100741 Both types of transmission can be employed to transmit the signals of the azimuth 
sensor AZS. The azimuth sensor AZS serves to generate setpoints for all kinds of actuators as 
a function of the momentary position of the rotor blade in question within one revolution. 

[00751 Other functional units, such as the mechanical rotor control RCM and the rotor 
head sensors RHS, which only relate indirectly to the invention, are indicated in the area of 
the rotor shaft. Additional electric connections into the rotor blades BL lead from the rotor 
head electronics RHE to the actuators A, which move the rudder flaps FL, and lead to the 
sensors S, which detect the position of the rudder flaps FL. Here, the rudder flaps FL serve as 
an example of various embodiments of aerodynamical ly active devices on the rotor blades. 
Therefore, the rotor head electronics RHE contain the electronic actuator control element 4 
comprehensively described above (see Figures 1 , 2) and the other electronic circuits such as, 
for instance, the data converter DW (see Figure 1), needed to actuate and control the 
actuators A. 

|0076J Figure 9 finally shows a detailed solution pertaining to the contactless inductive 
power transmission ETM that is shown only schematically in a simplified version in Figure 8. 
Inside a static rotor shaft bearing SP, a rotor shaft RTG configured as a hollow shaft is 
rotatably mounted. The optical waveguide O W for the optical transmission of data is 
arranged in the area of the axis of rotation of the rotating hollow shaft RTG, and coaxially 
thereto are the two conductive metal pipes CM W. These two conductors lead in the arrow 
direction towards the right to the rotor head electronics RHE (not shown here). 

|0077| The two conductive metal pipes CMW are electrically connected via the 
connecting lines CC to the winding W2 (corresponding to 3b in Figure 1) that rotates together 
with the rotor shaft. Together with the static winding Wi (corresponding to 3a in Figure 1), 
the rotating winding w 2 forms the contactless transformer (corresponding to 3 in Figure 1). 
The supply lines leading to the stationary winding wi are not depicted explicitly in Figure 9. 
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